Socioeconomic status is an important determinant of health, the measurement of which is of great significance to population health research. However, individual-level socioeconomic factors are absent from much health administrative data, resulting in widespread use of area-level measures in their place. This study aims to clarify the role of individual-and area-level socioeconomic status in Ontario, Canada, through comparison of income measures.
Background
Socioeconomic status, and in particular income, is well-established as a determinant of health (Braveman et al., 2005) . Low socioeconomic status has been linked to many health-relevant risk behaviors, including food insecurity (Che & Chen, 2001) , smoking (Hiscock, Bauld, Amos, Fidler, & Munaf� o, 2012) , and physical inactivity (Giles-Corti & Donovan, 2002) , and to poorer health outcomes such as chronic conditions (Agardh, Allebeck, Hallqvist, Moradi, & Sidorchuk, 2011; Gershon, Dolmage, Stephenson, & Jackson, 2012; Kaplan & Keil, 1993) , multimorbidity (Moin, Moineddin, & Upshur, 2018; Pathirana & Jackson, 2018; Rosella et al., 2018) and premature mortality (Khan et al., 2017; Stringhini et al., 2017) . Low income has also been linked with decreased access to and quality of medical care (Moin et al., 2018; Newacheck, Hughes, & Stoddard, 1996) -including in Ontario, where a single-payer health insurance plan is in place (Health Quality Ontario, 2015) . Accurate assessment of socioeconomic status is necessary to enable the study of health of these and other health inequalities but is often challenged by the limited availability of appropriate socioeconomic measures. For example, individual measures of income and education are absent from most health administrative data (Krieger, 1992) . In this scenario, area-level socioeconomic measures are often used in place of individual-level measures, by assigning individuals to the socioeconomic profile of their geographic area of residence. Neighbourhood income, for instance, is commonly deployed in the absence of household or individual income.
The validity of this proxy approach has been widely contested. Some comparisons suggest that area-level measures capture similar socioeconomic gradients as compared to individual-level income and should therefore be considered an appropriate proxy in the study of health inequalities (Mustard, Derksen, Berthelot, & Wolfson, 1999) . However, interpretation of trends across area-level income groups may be vulnerable to the ecological fallacy, a type of cross-level bias that occurs when individual-level inferences are made based on associations at the aggregate level (Hanley & Morgan, 2008; Porta, 2014) . Further, the mechanisms underlying the association between area-level income and health outcomes are often unclear, and may not appropriately represent the relationship between individual-level income and health (Pickett & Pearl, 2001) .
Correspondence between individual-and area-level measures of income has been studied using two main approaches: by assessing the correlation (i.e. statistical agreement) between measures (Diez- Roux et al., 2001; Roblin, 2013) , or by comparing the socioeconomic gradient associated with each type of measure for a given health characteristic (Domínguez-Berj� on, Borrell, Rodríguez-Sanz, & Pastor, 2005; Subramanian, Chen, Rehkopf, Waterman, & Krieger, 2006) . Overall, poor agreement between area-and individual-level income measures has been observed, with especially low correlation between measures noted in low-income and rural groups (Demissie, Hanley, Menzies, Joseph, & Ernst, 2000; Marra, Lynd, Harvard, & Grubisic, 2011; Narla et al., 2015; Sin, Svenson, & Man, 2001) . Socioeconomic gradients associated with individual-and area-level income measures have been generally consistent, with comparable trends in risk factors and health outcomes (Locker & Ford, 1996; Pichora et al., 2018; Southern, McLaren, Hawe, Knudtson, & Ghali, 2005) . Multilevel or joint-exposure analyses have shown significant effects of both area-and individual-level measures of socioeconomic status (DeRouen et al., 2018; Diez-Roux et al., 1997; Juhn et al., 1982; Li et al., 2010) , although few studies of this type have been carried out in Canada or other single-payer health care jurisdictions. The relationship between area-and individual-level health inequalities in single-payer settings remains of interest. Further, a question remains regarding the potential joint effects of area-and individual-level income status.
Our goal was to assess the level of agreement between individualand area-level income measures, and, secondly, to examine the risk of premature mortality across combinations of income groups. We leveraged a representative population-based survey cohort from the Canadian Community Health Survey (CCHS), linked to healthcare data from Ontario's single-payer health insurance program (OHIP). OHIP collects residential information to allow linkage with area-level income measures. Premature mortality outcomes were then calculated to describe the socioeconomic gradient according to both area-and individual-level income measures, and for all of their combinations. For premature mortality outcomes, we used multivariable negative binomial regression to estimate adjusted rate ratios associated with area-and individuallevel income measures, after adjustment for key demographic and behavioural risk factors.
Overall, this study aims to clarify the role of area-and individuallevel income in the context of premature mortality as a robust measure of population health, in order to support better understanding of the impact of area-level approximation on observed socioeconomic patterns.
Materials and methods

Data sources
This study utilized data from 4 cycles of the CCHS, conducted by Statistics Canada in 2005-2006, 2007-2008, 2009-2010, and 2011-2012 . The CCHS is a cross-sectional survey that gathers healthrelated information about the Canadian population, such as health status, health care utilization, and health determinants (Roos & Wajda, 1991) . It is representative of 98% of the Canadian population ages 12 and older; exceptions include people living on First Nations Reserves and Crown Lands, institutionalized residents, full-time members of the Canadian Forces and people who reside in certain remote areas. All responses to questions were self-reported. Detailed descriptions of the CCHS survey methodology are documented elsewhere (Statistics Canada, 2018) .
Eighty-four percent of CCHS respondents agreed to have their responses linked to health administrative data. The linked CCHS records are generally representative of the CCHS target population; although coverage is poorer for ages 75 and older (Rotermann, 2009) , this population is excluded by definition from our analysis. These responses were linked deterministically (i.e. via exact matching) and probabilistically at ICES (previously the Institute for Clinical Evaluative Sciences) to death records from the Ontario Registrar General, via a central population registry of individuals eligible for the province's single-payer health insurance system at any point since 1992 (the Registered Persons' Database or RPDB). This linkage has been described elsewhere (Chiu et al., 2016) .
Study population
CCHS respondents from the four identified cycles were included if they had not been interviewed for CCHS before, were between ages 18 and 74 at interview, resided in Ontario, could be linked to a valid RPDB record, and had both individual-level and area-level income measures available. Prior to exclusions, missingness for area-level income was less than 1 percent and missingness for individual-level income was 7.7%. In total, 97,025 unique respondents were included, representing a weighted population of 7,653,907.
Variable definitions
Individual-level income quintiles (i.e., five groups of similar population size) were assigned based on self-reported pre-tax household income at interview date. Quintiles represent a relative measure of selfreported household income to the household income of all other respondents within Ontario and for each distinct interview cycle; thus, quintiles are representative of relative socioeconomic position within Ontario at the time of interview.
Area-level income quintiles were assigned based on postal code of residence at interview. Using Statistics Canada's Postal Code OM Conversion File Plus (PCCFþ), postal codes were linked to census geography at the dissemination area level. Dissemination areas, most of which have a population between 400 and 700, are the smallest area at which population characteristics from the Canadian Census are reported. Each dissemination area was assigned to an area-level income quintile according to the nearest-census household income of the residents of that area.
The primary outcome of this analysis, premature mortality, was selected as it is an established indicator of population health which is routinely measured and robust to coding practices (Norheim et al., 2015; Shiels et al., 2017) . Socioeconomic gradients in premature mortality have been reported in Ontario and elsewhere (Khan et al., 2017; Stringhini et al., 2017) . Adult premature deaths were defined as those occurring between the ages of 18 and 74, consistent with the definition used by the Canadian Institute for Health Information (Canadian Institute for Health Information, 2012). All deaths were identified if they occurred within 5 years following CCHS interview date, and were registered in the province of Ontario.
Statistical analysis
We assessed agreement between individual-and area-level income quintiles using percent agreement and Kappa statistics. Kappa results can be interpreted as such: values � 0 indicate no agreement; 0.01-0.20 as none to slight; 0.21-0.40 as fair; 0.41-0.60 as moderate; 0.61-0.80 as substantial; and 0.81-1.00 as almost perfect agreement (McHugh, 2012) . Both percent agreement and Kappa scores were calculated separately for same agreement (i.e. an individual is assigned to the same area-level and individual-level income quintile) and similar agreement (i.e. an individual is assigned to an area-level and individual-level income quintile no more than one apart). This approach is recommended for categorical data that follows an ordinal structure as it takes into account both same agreement and similar agreement (Landis & Koch, 1977) . To assess whether agreement changed over time, agreement statistics were calculated for each distinct CCHS cycle, and overall for the pooled cohort. In addition to the combined measures, separate agreement statistics were calculated for males and females.
To describe population differences associated with area-and individual-level income status, we summarized baseline cohort characteristics at interview date according to individual-level and area-level income quintiles. Characteristics measured include demographics (age, sex, immigrant status, visible minority status), socioeconomic indicators (marital status, education), and health and behavioral characteristics (BMI, physical activity, smoking, and alcohol consumption).
Cumulative 5-year adult premature mortality was measured for areaand individual-level income groups. Rates were calculated as premature (age 18-74) deaths per 1000 in the respondent population within 5 years of interview date. To ascertain area-and individual-level income gradients in premature mortality, rates were calculated separately for area-and individual-level income quintiles. To characterize joint individual-and area-level income effects, we also calculated premature mortality rates for each combination of income groups. Premature mortality rates were not age-standardized given that premature mortality is an age-specific rate.
Adjusted rate ratios for individual-and area-level income measures were estimated using multivariable negative binomial models. Minimally-adjusted rate ratios were adjusted for sex, age and interview date, and survey cycle. Fully-adjusted rate-ratios were adjusted additionally for alcohol consumption, smoking status, physical activity level, and body mass index. Covariate definitions are shown in Table 1 .
All data preparation and analysis took place using SAS (version 9.4), Cary, NC. Negative binomial models were fit using the GENMOD procedure, using normalized survey weights provided by Statistics Canada. Statistical significance (α ¼ 0.05) of categorical predictors was assessed using Wald statistics for Type III effects.
Results
Agreement between individual-and area-level income measures
Overall, agreement between individual-level and area-level income measures was low. Across all four cycles of the CCHS, 29% of respondents were assigned to the same quintile for both area-and individual-level income (percent same agreement). The total Kappa statistic for same measures obtained for the pooled cohort was found to be 0.11, indicating little to no correlation. Percent agreement was 65% when counting respondents who were assigned within �1 quintile for area-and individual-level income (similar agreement). The total Kappa statistic for similar measures was found to be 0.49, indicating moderate agreement.
When stratified by CCHS cycle (i.e. over time) or sex, agreement between area-level and individual income measures did not change. As measured by percent agreement and Kappa statistics, there was no change in agreement over time between 2005 and 2011. There was also no reportable difference in agreement between male and female CCHS respondents.
Cohort characteristics
Socioeconomic distributions across categories of visible minority status, marital status, body mass index, smoking, and alcohol consumption did not differ greatly between area-and individual-level quintiles (Table 1) . Conversely, there were noticeable differences in the socioeconomic distribution of age, sex, immigrant status, recent immigrant status, educational attainment, and physical activity when stratified by area-versus individual-level income (Table 1) . Specifically, the gap between low-and high-income groups was larger when measured with individual-level income than when measured with arealevel for these characteristics.
5-Year premature mortality
A socioeconomic gradient was observed for both individual-and area-level income, wherein 5-year premature mortality increased with each quintile decrease in income (Fig. 2) . The gap between low-and high-income groups was demonstrably larger when measured with individual-versus area-level income. For individual income, 5-year premature mortality was 3.59 times as high in the lowest quintile compared to the highest income quintile (27.7 deaths per 1000 versus 12.1 deaths per 1000). For area-level income, 5-year premature mortality was 2.05 times as high in the lowest quintile compared to the highest (24.8 versus 12.1 deaths per 1000). When comparing the relative rates of the quintiles to Q5, individual-level measures report higher relative rates of premature mortality than area-level measures for every quintile.
The relationship between area-level income and premature mortality is non-linear in comparison to the relationship between individual-level income and premature mortality. Observed 5-year premature mortality was higher when measured with individual-level measures for quintiles 1 to 3, and higher for area-level measures in quintiles 4 and 5. However, the gap between area-and individual-level premature mortality rates is largest for quintiles 2 and 5, due to a relatively flat association between area-level income and premature mortality in that range.
When stratified by both income measures combined, 5-year mortality rates suggest joint effects of individual-and area-level income status on adult premature mortality outcomes (Fig. 3 ). Within each arealevel income group, a clear gradient was seen across individual-level income quintiles. This effect was not seen as clearly within individuallevel income groups; no linear gradient was observed across area-level income quintiles (see Figure A1 in the appendix).
Model output
Unadjusted, minimally-adjusted and fully-adjusted rate ratio estimates from negative binomial models are shown in Table 2 . When adjusted for age, sex and survey cycle, the strength of the observed association between individual-level income and premature mortality was attenuated, while the observed association between area-level income and premature mortality was strengthened (Table 2) . When further adjusted for smoking, physical activity, alcohol consumption and body mass index, the observed associations between income and premature mortality were greatly attenuated for both area-and individual-level measures. After full adjustment, the effect of individual income on premature mortality was attenuated for all quintiles. Similarly, the effect of area-level income on premature mortality, which was lower begin with, was also attenuated after full adjustment. In the case of area-level income, the fully-adjusted effect sizes for Q3 and Q4 were close to the Table 1 Cohort characteristics at interview date according to individual-and area-level income quintiles (weighted percents). Based on self-report from CCHS interview.
null and confidence intervals spanned 1.0. Wald statistics for Type III effects of area-or individual-level income on premature mortality were statistically significant in all models (p < 0.0001), including after adjustment for individual-level risk factors.
Discussion
Key findings
The aim of this study was to compare individual-and area-level income measures using a population-based survey cohort linked with routinely collected health data that lacks individual-level income. The results show low agreement between individual-and area-level income measures and suggest that these measures may capture meaningfully different populations, with substantive differences in demographic profile. While both area-and individual-level income quintiles were associated with a clear socioeconomic gradient in premature mortality, 
Table 2
Unadjusted and adjusted rate ratios (RRs) and 95% confidence intervals (CIs) for premature mortality according to area-and individual-level income measures. a Minimally-adjusted models were adjusted for age, sex and survey cycle. b Fully-adjusted models were adjusted for age, sex, survey cycle, smoking status, alcohol consumption, body mass index, and physical activity level.
the profile of these gradients differed between measures. Further, joint effects indicated when rates were stratified by both area-and individuallevel income simultaneously suggest that area-and individual-level income status may act independently on premature mortality outcomes. After adjustment for individual-level risk factors, statistically significant associations with premature mortality outcomes persisted for both areaand individual-level income measures. However, the nature of these associations was highly dissimilar -individual-level income was more strongly associated with premature mortality than area-level income, and the observed effect of area-level income approached the null for some quintiles after adjustment for individual-level factors.
Low agreement between individual-and area-level measures of socioeconomic status has been consistently seen, in Canada (Demissie et al., 2000; Southern et al., 2005) and other jurisdictions (Marra et al., 2011; Narla et al., 2015; Soobader, LeClere, Hadden, & Maury, 2001 ). Our study findings are consistent with this existing research. Further, previous comparisons in Canada have primarily focused on narrow clinical populations or subgroups (e.g. children) -our findings demonstrate low correspondence between individual-and area-level income groups in a large, representative Canadian cohort.
While agreement between measures is consistently reported as low, comparisons of population characteristics and health outcomes have had inconsistent findings. The most comprehensive comparison conducted in Canada -a cross-sectional study of income inequalities in smoking, obesity and diabetes -reported comparable trends for individual-and area-level measures (Pichora et al., 2018) . However, other work in Canada (Pampalon, Hamel, & Gamache, 2009; Southern et al., 2005) and elsewhere (Mather et al., 2014; Pardo-Crespo et al., 2013) found stronger associations with individual-versus area-level income for outcomes including life expectancy, smoking and obesity (in the US), and health-related quality of life. We note that in our study, discrepancies between area-and individual-level income gradients were small for some health-relevant characteristics, including smoking, BMI and alcohol consumption. In general, however, the differences in population characteristics and health outcomes captured by area-versus individual-level income were large and warrant considerable attention.
Our findings support others indicating that area-level socioeconomic status measures must not be considered a reasonable proxy for individual measurement. However, area-level measures can provide unique information about socioeconomic position that is independent of individual-level income. Area-based measures can provide information about a resident population that cannot be captured at the individual level, including: areas of poverty, access to health services, environmental exposures and other contextual factors (Mather et al., 2014; Southern et al., 2005) . Additionally, our analysis showed significant associations between area-level income and premature mortality outcomes, after adjustment for individual-level risk factors. Thus area-level measures of socioeconomic status, while not an applicable proxy for individual-level factors, are of value for understanding the socioeconomic experience of populations.
Strengths and limitations
This study is the first comparison of individual-and area-level income measures in Canada to consider both baseline agreement and demographics and subsequent population health outcomes. We used a robust cohort of over 97,000 CCHS respondents, surveyed over a 7-year time period, which are representative of 98% of the Ontario population. We also benefited from complete outcome information because we used comprehensive mortality records with a high linkage rate to our study population. As a result, we were able to evaluate a robust population health outcome prospectively across income groups, including combinations of area-and individual-level income quintiles, for the entire Ontario population.
Our findings may be influenced by the use of self-reported income measures. Error in self-reported income is generally low for wages and salaries, but may be significantly greater for other sources (Meyer, Mok, & Sullivan, 2009 ). In particular, government transfer payments are frequently underestimated in self-reported income, which has important implications for measurement in the low-income population (Moore & Welniak, 2000) . This impact may be exacerbated by the use of different data sources for individual-and area-level income measures, if respondents tend to report income differently when responding to the census (which informed area-level income measures) than when responding to the CCHS. However, self-reported income is frequently used, particularly in settings such as Canada where routine linkages to tax-based income are not available. Therefore, this comparison is relevant for the many studies that use self-reported income. Furthermore, self-reported measures of SES are robust predictors of health outcomes and the absolute accuracy of the individual-level measures does not affect the conclusions regarding their agreement with area-level measures (Lantz, Golberstein, House, & Morenoff, 1982) .
Our analysis does not provide direct insight into the area-versus individual-level concordance of other measures of socioeconomic position, such as educational attainment or occupation. Future comparisons may provide insight into the implications of using alternative area-level measures. Our analysis also does not necessarily establish an independent effect of area-and individual-level income on premature mortality, which could be substantiated through multilevel analysis of income measures. This would be an important contribution of future work.
Implications and next steps
Understanding the differences between individual-and area-level income is becoming increasingly important, as the income gap has steadily widened in Canada (Hajizadeh, Mitnitski, & Rockwood, 2016) , and in most other developed countries (OECD, 2011) . Our ability to measure this gap and to determine how individual and/or area-level income affects health outcomes hinges on our understanding of these two constructs.
Future work should focus on identifying alternative socioeconomic measures for use in the absence of individual-level income data. For example, in Olmstead County, Minnesota, researchers successfully developed a socioeconomic index based on housing characteristics (HOUSES), which correlates moderately with other individual-level socioeconomic indices, can be linked to population health data using address information, and was shown to be generalizable to other US jurisdictions (Harris et al., 2014; Juhn et al., 2011) . The HOUSES index has been used to describe socioeconomic inequalities in indicators of population health (Bjur et al., 2019; Hammer et al., 2016; Ryu et al., 2017; Thacher et al., 2020; Wi et al., 2016) and health service delivery (Barwise et al., 2018; Takahashi et al., 2016) . In the absence of individual-level socioeconomic data, address data may enable reporting on individual-level socioeconomic inequalities. Likewise, other opportunities may exist to leverage existing individual-level data sources and create novel indicators of socioeconomic status.
The results of our study call for caution when using area-level data as measure of individual-level socioeconomic status. The low agreement between measures and differing demographic profiles suggests that the two approaches may not capture the same population. Thus interpretation of findings based on area-level data should be clear that the observed trends may not be generalizable to individual-level associations. That said, our analysis shows that area-level measures of socioeconomic status are nonetheless meaningful for population health outcomes. Recognizing the limitations of area-level socioeconomic status, with appropriate interpretation, area-level measures need to be cautiously used to understand socioeconomic health disparities. Areaand individual-level measures may further be used together, as joint effects or through multilevel modelling, to fully contextualize the role of individual-and area-level socioeconomic characteristics in specific health outcomes.
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